We investigated the genetic structure of Sciadopitys verticillata, an endemic conifer in Japan, using 11 microsatellite markers. Average expected heterozygosity varied from 0.282 to 0.450, with between 2 and 17 alleles per locus, and allelic richness varied from 2.14 to 2.94 within a population. Wilcoxon signed-rank tests suggested that there was a recent bottleneck in the southwestern populations in the Kinki district and in isolated northeastern populations in the Tohoku district. Bayesian clustering analysis showed that the populations of the Chubu, Kinki, and Shikoku districts were admixed from several clusters. Archaeological data suggest past anthropogenic exploitation for building and coffin material.
Currently, warm-temperate, cool-temperate forests, and conifer forests are distributed throughout Japan. These forests were formed between glacial and interglacial periods through changes in climate, including changes in temperature, monsoons, precipitation, and snowfall (Tsukada 1985; Igarashia and Oba 2006) . Pollen fossil evidence and forest genetics have revealed plant distribution patterns that suggest the route of forest spread in the postglacial period (Petit et al. 1993 (Petit et al. , 2003 Demesure et al. 1996) . Exploitation and plantation of various tree species for commercial use could have further affected their distribution patterns and genetic structure. Understanding factors that have contributed to the population genetic structure is a major goal of phylogeographic research (Carstens and Richards 2007) .
Sciadopitys verticillata (Thunb.) Siebold et Zucc. is an endemic Japanese evergreen conifer (Japanese umbrella pine) and an economically valuable tree used in construction (Hayata 1931; Tsukada 1963 ). The tree is diploid (2n 5 20; Baba 1991) and taxonomically unique as the sole member of the family Sciadopityaceae and genus Sciadopitys.
The plants are mainly distributed in Chubu, Kinki, and Shikoku districts. Discontinuous, isolated populations are also distributed throughout Tohoku, Chugoku, and Kyushu districts. In particular, the most northern habitat for S. verticillata is in Fukushima Prefecture of Tohoku district, and the species is not found in Kanto district to the southeast (Katoh 1948; Hayashi 1960; Tsukada 1963) . According to pollen evidence, S. verticillata was present on the Izu Peninsula of Kanto district around 12.5-9.7 ka ago but decreased after the spread of warm-temperate forest into this area (Kanauchi 2005) . Sciadopitys verticillata was utilized for construction and coffin making, mainly in the Kofun period (ca., AD 200-700), as evidenced by archaeological remains in Kinki district, suggesting extensive exploitation in this area (Itoh and Shimaji 1996; Okabayashi 2006) . The current natural habitats of this tree could reflect anthropogenic effects such as exploitation and plantation, as well as past distribution during climate change between glacial and interglacial periods.
A tree with a similar past distributional range is Cryptomeria japonica D. Don, one of the most important conifer species used for construction in Japan. Previous studies of pollen records and genetic analysis have revealed several refugia of C. japonica in Wakasa Bay, Izu Peninsula, and southern areas of Kinki and Shikoku districts during the last glacial period (Tsukada 1982; Tomaru et al. 1994; Kanauchi 2005; Takahashi et al. 2005; Tsumura et al. 2007) . By considering the fossil evidence and genetic structure, the current geographic distribution and genetic structure of S. verticillata can be evaluated. At the same time, recognition of population genetic parameters of commercially valuable coniferous trees is needed for genetic management in reforestation programmes and for breeding. The geographic genetic information obtained by genetic analysis will be useful for gene conservation programmes in future.
The aim of the study was to investigate what genetic parameters S. verticillata exhibits within and among populations and how the populations in the districts where the plants were extensively exploited in ancient times have been affected in terms of their genetic structure. Therefore, we evaluated the genetic diversity and assessed the geographic patterns of genetic variation across the natural range of S. verticillata using previously developed microsatellite markers (Kawase et al. forthcoming) .
Materials and Methods

Sample Collection
We collected totally 352 mature samples from 9 populations (FUK: Fukushima, NAG: Nagano, HUK: Fukui, GIF: Gifu, IGA: Shiga, MIE: Mie, SHI: Shimane, KOU: Kouchi, ZAK: Miyazaki prefecture) covering entire habitats of the plants in Japan. The collection locations of plants analyzed in this study were shown in Table 1 and Figure 1 . To obtain sufficient samples in some populations (ZAK, KOU, MIE, and GIF) with low numbers of individuals at the same altitude, we collected samples at a wider range of altitudes (Figure 1 ).
Amplification of Microsatellite Markers
Genomic DNA of every individual was isolated according to the protocol of Stewart and Via (1993) . Each polymerase chain reaction (PCR) was performed in 6 ll volumes containing 5-10 ng template DNA, 0.2 pmol of each forward and reverse primer, and 3 ll multiplex PCR kit (QIAGEN Multiplex PCR Kit). Multiplex PCR primer combinations were Sv01-Sv06 sets and Sv07-Sv11 sets of Kawase et al. (forthcoming) . Cycle parameters were 95°C for 15 min followed by 40 cycles of 94°C for 30 s, 55°C for 90 s, and 72°C for 60 s followed by a step of 60°C for 30 min. PCR products were electrophoresed with an internal size standard (Gene-Scan-400 [ROX], Applied Biosystems) using an ABI3100 sequencer (Applied Biosystems). Results were analyzed using Genotyper (Applied Biosystems).
Data Analysis
Statistical genetic analyses were conducted for 9 populations of S. verticillata. As genetic diversity parameters, we used gene diversity (H e ; expected heterozygosity; Nei 1973) and allelic richness (R) as calculated by the software FSTAT 2.9.3.2 (Goudet 2001) . Allelic richness was corrected (using the rarefaction method of FSTAT 2.9.3) to the smallest sample (n 5 19). Research has shown that allelic richness can be directly compared among populations, irrespective of sample size (El Mousadik and Petit 1996) . The statistical independence of loci (linkage disequilibrium for all pairs of loci across populations) was also evaluated using FSTAT (Goudet 2001) . Fixation index values estimating inbreeding within individuals in a population (F IS , the ''inbreeding coefficient'') were additionally calculated, and the significance of positive or negative values was tested by using FSTAT. We calculated the number of rare alleles (defined as alleles with a frequency ,1% in the total population) and private alleles (unique to one population) per population. For analysis of molecular variance (AMOVA), components of variance within and between populations based on the infinite allele model (IAM) were estimated using GenAlEx 6.0 Peakall and Smouse 2006) . The significance of the AMOVA components was tested using 999 permutations.
To identify whether a population had experienced recent population size reduction, we used the software program BOTTLENECK (Piry et al. 1999 ). This program was run under the IAM, the 2-phase mutation mode (TPM), and the stepwise mutation model (SMM). The default values of TPM variance and probability were applied. TPM is thought to closely follow microsatellite mutations (Primmer et al. 1998; Estoup and Cornuet 2000) . To test for significance of the analysis, we used a 1-tailed Wilcoxon signed-rank test to assess bottlenecks because of its relatively high statistical power and its use for low numbers of polymorphic loci and any number of individuals (Luikart and Cornuet 1998) . The estimation of statistical probability was based on 1000 replications.
The Bayesian approach implemented in the program STRUCTURE 2.2 was used to estimate clusters of genetically similar individuals based on their multilocus genotypes (Pritchard et al. 2000; Falush et al. 2003 ). We performed 20 runs for each value of K (number of putative populations) from 1 to 10 and employed the Markov chain method with 10 000 iterations (burn-in) and 10 000 Markov chain Monte Carlo repetitions. The simulation was performed under the admixture model with correlated allele frequencies (default parameters). We then chose the most appropriate cluster number (K) using the criterion of Evanno et al. (2005) , which is based on DK.
Nei's chord distance (D a ) (Nei et al. 1983 ) was used to estimate the degree of genetic divergence of populations using the MICROSATELLITE ANALYZER software of Dieringer and Schlötterer (2003) . We implemented the phylogenetic inference (PHYLIP) (Felsenstein 2004) and NEIGHBOR subprograms to construct trees from the distance matrices and CONSENSE to produce bootstrap values from 1000 replicates.
Results
The total numbers of alleles per locus ranged from 2 to 17, and the mean number of alleles per locus within a population was 2.27-3.55. No detectable linkage was found between loci across all populations (P . 0.05, after Bonferroni correction). In all populations with the exception of KOU, observed heterozygosity was not significantly different from that of expected Hardy-Weinberg equilibrium ( Table 2 ). The average expected heterozygosity within each population ranged from 0.282 to 0.450, and allelic richness within each population ranged from 2.14 to 2.94 (Table 2 ). The number of rare alleles in total populations was 17. Private and rare alleles were found in many populations at relatively low numbers, although no rare or private alleles were detected within the IGA (Shiga Pref.) and SHI populations (Shimane Pref.) ( Table 2) . AMOVA indicated that the main component of the genetic variance was within populations, which accounted for approximately 86% of the total molecular variance, and the F ST value among populations was 0.142 (P , 0.001).
Bottleneck Analysis
The SMM, IAM, and TPM under the Wilcoxon signed-rank test were used to find recent bottlenecks (heterozygosity excess) in the 9 populations. Five populations (FUK, HUK, IGA, MIE, and KOU) had significant heterozygosity excess (P , 0.05) under the IAM and 2 populations (MIE and KOU) under the TPM, suggesting a recent population size reduction. SMM did not detect any evidence of a significant bottleneck in any population.
Population Genetic Relationship and Bayesian Clustering Analysis
The population genetic relationship according to Nei's chord distance is shown in Figure 2 . The 2 regional groups were confirmed with a low bootstrap value (48.6%): the first group was composed of 3 northern populations (FUK, NAG, and GIF) and 2 central populations (IGA and HUK) and the second group was composed of a central population (MIE) and of 3 southern populations (KOU, ZAK, and SHI). However, these genetic relationships were not reliably supported because of poor low bootstrap value. Asterisk indicates the significance of tests for deviations from Hardy-Weinberg equilibrium and for deviations from zero (*P , 0.05). SD, standard deviation; H e , average expected heterozygosity; H o , average observed heterozygosity; F IS , the fixation index; private allele, number of private alleles per population; rare allele, number of rare alleles per population.
According to clustering analysis in STRUCTURE, the cluster number (K) was 4; the cluster proportions of each sample and component are shown in Figure 3 . Individuals of ZAK, SHI, and FUK populations were found to belong to a distinct single cluster. However, individuals of NAG, HUK, GIF, IGA, MIE, and KOU belong to several clusters.
Discussion
Genetic Diversity within Populations
Cryptomeria japonica has a similar distributional range and pollen record as S. verticillata (Igarashia and Oba 2006) , and a previous study showed high genetic diversity in several refugia along Wakasa Bay, Izu Peninsula, and in southern parts of Kinki and Shikoku districts during the last glacial period in Japan (Takahashi et al. 2005) . Considering these habitats, the southern populations (MIE, KOU, and ZAK) of S. verticillata had relatively higher genetic diversity (H e of MIE, KOU, and ZAK were 0.450, 0.434, and 0.400, respectively) compared with those of northeastern populations (H e from 0.351 to 0.385). The genetic parameters may suggest the existence of widespread remnant populations in southern areas during the last glacial period. However, the SHI population in the southern areas showed the lowest genetic diversity (H e 5 0.280) and no private or rare alleles among populations. Currently, the SHI population is isolated within Chugoku district and could therefore be affected by restricted gene flow and genetic drift. Furthermore, Bayesian clustering analysis indicated that the SHI population was mainly composed of a single cluster and belonged to a different cluster from the other populations. Other populations composed of genetically distinct clusters, such as ZAK and FUK, were also disjunctively distributed populations. Bottleneck analysis suggested that the most northerly population (FUK), located in Fukui Prefecture, which is also the most isolated remnant population, experienced a recent population reduction. According to pollen records, S. verticillata was once widely and continuously distributed in Kanto district; however, it is no longer found in this area because of current low precipitation (Kanauchi 2005; Igarashia and Oba 2006) , suggesting the importance of summer monsoon effects on the plant's distribution. Thus, these populations could be affected by restricted gene flow due to the current discontinuity of habitats and a population size reduction during the last glacial period. These identified genetic parameters in each population provide valuable insight for future breeding strategies.
Population Genetic Differentiation
The F ST value among populations was 0.142, and population genetic differentiation was relatively higher than for other Japanese conifers such as C. japonica (F ST 5 0.028, microsatellite; Takahashi et al. 2005) and Chamaecyparis obtusa (G ST 5 0.045, allozyme; Uchida et al. 1997 ). However, other Japanese conifers have high genetic differentiation, for example, Abies mariesii (G ST 5 0.144, allozyme) and Pinus pumila (G ST 5 0.170, allozyme) (Tani et al. 1996; Suyama et al. 1997) . Sciadopitys verticillata, A. mariesii, and P. pumila have narrow isolated distributions that could reflect restricted gene flow between populations because of habitat discontinuity (Hamrick et al. 1992) . At the same time, clustering analysis indicated that 3 populations of S. verticillata in peripheral isolated regions (FUK, SHI, and ZAK) were mainly composed of a single lineage and belonged to different clusters from the other populations. Thus, these results may contribute to greater partitioning of the genetic variation among populations.
Genetic Structure of Populations in Exploited Districts
Bayesian clustering results showed that 6 populations (GIF, NAG, HUK, IGA, MIE, and KOU) of Chubu, Kinki, and Shikoku districts were admixtures from several clusters. The genetic components in these districts could indicate that S. verticillata was widely distributed in these regions and that frequent gene flow between populations had occurred. Because these 3 districts were current main habitats of the plants and had many genetic clusters, they could be the main gene pool for other populations. Moreover, S. verticillata may have been planted in ancient times and mixed during their distribution expansion. According to archaeological studies, S. verticillata was utilized for several purposes during the Kofun period (ca., AD 200-700), such as for coffins and building material, and ancient remains have been found in Kinki district (Itoh and Shimaji 1996; Okabayashi 2006) . Because these trees grow slowly, it is possible that their numbers rapidly decreased due to increased utilization and exploitation (Suzuki 2002) . The bottleneck analysis showed a significant recent population reduction in Kinki (IGA and MIE) and Shikoku (KOU) districts, suggesting that these populations may have been influenced by reduced population size, possibly as a result of extensive anthropogenic exploitation in the past.
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